Imaging and spectroscopy of artificial-atom states in core/shell
  nanocrystal quantum dots by Millo, Oded et al.
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&XUUHQW LPDJLQJ VFDQQLQJ WXQQHOLQJ PLFURVFRS\ LV XVHG WR REVHUYH WKH HOHFWURQLF
ZDYHIXQFWLRQVLQ,Q$V=Q6HFRUHVKHOOQDQRFU\VWDOV,PDJHVWDNHQDWDELDVFRUUHVSRQGLQJWR
WKHVFRQGXFWLRQEDQGVWDWHVKRZWKDWLWLVORFDOL]HGLQWKHFHQWUDOFRUHUHJLRQZKLOHLPDJHVDW
KLJKHUELDVSURELQJWKHSVWDWHUHYHDOWKDWLWH[WHQGVWRWKHVKHOO7KLVLVVXSSRUWHGE\RSWLFDO
DQG WXQQHOLQJ VSHFWURVFRS\ GDWD GHPRQVWUDWLQJ WKDW WKH VS JDS FORVHV XSRQ VKHOO JURZWK
6KDSHVRIWKHFXUUHQWLPDJHVUHVHPEOHDWRPOLNHHQYHORSHZDYHIXQFWLRQVRIWKHTXDQWXPGRW
FDOFXODWHGZLWKLQDSDUWLFOHLQDER[PRGHO
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7RZKRPFRUUHVSRQGHQFHVKRXOGEHDGGUHVVHG(PDLOEDQLQ#FKHPFKKXMLDFLO
6HPLFRQGXFWRUTXDQWXPGRWV4'VZKLFKUHSUHVHQWWKH]HURGLPHQVLRQDO OLPLWRI WKHVROLG
VWDWHH[KLELWDVHWRIGLVFUHWHDQGQDUURZHQHUJ\OHYHOVDQGDUHWKHUHIRUHRIWHQFRQVLGHUHGDV
DUWLILFLDO DWRPV >@  7KLV HOHJDQW DQDORJ\ ERUQH RXW IURP RSWLFDO DQG WXQQHOLQJ
VSHFWURVFRS\ >@ FDQ EH WHVWHG GLUHFWO\ E\ REVHUYLQJ WKH VKDSHV RI WKH 4' HOHFWURQLF
ZDYHIXQFWLRQV 5HFHQWO\ WKH SUREDELOLW\ GHQVLW\ RI WKH JURXQG DQG ILUVW H[FLWHG VWDWHV IRU
HSLWD[LDOO\ JURZQ ,Q$V 4'V HPEHGGHG LQ *D$V ZDV GLUHFWO\ SUREHG XVLQJ VFDQQLQJ
WXQQHOLQJ PLFURVFRS\ 670 >@  0DJQHWRWXQQHOLQJ VSHFWURVFRS\ ZLWK LQYHUVLRQ RI WKH
IUHTXHQF\GRPDLQGDWDZDVDOVRXVHGWRSUREHWKHVSDWLDOSURILOHVRIVWDWHVRIVXFK4'V>@$
GLIIHUHQW DSSURDFK WR 4'V ZLWK VLJQLILFDQW LPSDFW IRU IXQGDPHQWDO VWXGLHV DV ZHOO DV IRU
SRWHQWLDODSSOLFDWLRQVLQQDQRWHFKQRORJ\LVWKHFROORLGDOJURZWKRIIUHHVWDQGLQJQDQRFU\VWDOV
>@  8QOLNH WKH 0%( JURZQ 4'V WKHVH QDQRFU\VWDOV KDYH D QHDUO\ VSKHULFDO VKDSH
OHDGLQJWRDWRPOLNHV\PPHWULHVDQGGHJHQHUDFLHVIRUWKHHOHFWURQLFVWDWHV>@)RUVXFK4'V
ZHXVHWKHXQLTXHVHQVLWLYLW\RIWKH670WRWKHHOHFWURQLFGHQVLW\RIVWDWHVRQWKHQDQRPHWHU
VFDOH >@ WR GLUHFWO\ LPDJH WKH V DQG SOLNHZDYHIXQFWLRQV 7KH LQWHUSUHWDWLRQ RI WKH
LPDJHV DV PDQLIHVWLQJ WKH ZDYHIXQFWLRQV LV VXSSRUWHG E\ RSWLFDO DQG WXQQHOLQJ VSHFWUD
DFTXLUHG RQ WKHVH 4'V 7KHVH FRPELQHG PHDVXUHPHQWV \LHOG XQLTXH LQIRUPDWLRQ RQ WKH
HQHUJHWLFV VSDWLDO H[WHQW DQG VKDSHV RI WKH 4' VWDWHV SURYLGLQJ D WHVW RI WKH WKHRUHWLFDO
XQGHUVWDQGLQJRI4'V
:HLQYHVWLJDWHQRYHO,Q$V=Q6HFRUHVKHOOQDQRFU\VWDOV>@7KHFRUHVKHOOFRQILJXUDWLRQ
ZKHUHDVKHOORIDKLJKEDQGJDSVHPLFRQGXFWRU LVRYHUJURZQRQ WKHFRUHSURYLGHV IXUWKHU
FRQWURORYHUWKHHOHFWURQLFDQGRSWLFDOSURSHUWLHVRIQDQRFU\VWDOVLQDGGLWLRQWRVL]H>@
7KH 4'V ZHUH SUHSDUHG XVLQJ D WZRVWHS KLJK WHPSHUDWXUH VROXWLRQSKDVH V\QWKHVLV RI
RUJDQRPHWDOOLFSUHFXUVRUV)LUVW,Q$VFRUHVQPLQUDGLXVZHUHSUHSDUHGDQGSXULILHGIURP
WKHJURZWK VROXWLRQ UHVXOWLQJ LQ D VL]H GLVWULEXWLRQ RI EHWWHU WKDQ $W WKH VHFRQG VWDJH
=Q6HVKHOOVXSWRVL[PRQROD\HUV0/WKLFNZLWKa0/DFFXUDF\ZHUHRYHUJURZQRQWKHVH
FRUHV >@ 7KH IOXRUHVFHQFH TXDQWXP \LHOGZDV VLJQLILFDQWO\ HQKDQFHG XSRQ VKHOO JURZWK
IURPDQDEVROXWHYDOXHRIIRUWKHFRUHVXSWRIRUDQRSWLPDOVKHOOWKLFNQHVVRIDURXQG
0/>@7KHRXWHUVKHOOVXUIDFHLVSDVVLYDWHGE\RUJDQLF OLJDQGVDQGIRU WKHFU\RJHQLF
670PHDVXUHPHQWVDOOSHUIRUPHGDW.ZHOLQNWKHQDQRFU\VWDOVWRDJROGILOPYLDKH[DQH
GLWKLROPROHFXOHV'7>@7KHWXQQHOLQJVSHFWUDZHUHPHDVXUHGDIWHUSRVLWLRQLQJWKH670
WLSDERYHWKH4'IRUPLQJDGRXEOHEDUULHUWXQQHOMXQFWLRQ'%7-DVGHWDLOHGLQ5HI
)LJ  VKRZV WXQQHOLQJFRQGXFWDQFH VSHFWUD G,G9 YV 9 FXUYHV PHDVXUHG RQ WZR
FRUHVKHOOQDQRFU\VWDOVZLWKDQG0/VKHOOVDORQJZLWKDW\SLFDOFXUYHIRUDQ,Q$V4'RI
UDGLXVVLPLODUWRWKHQRPLQDOFRUHUDGLXVaQP:HHLWKHUQXPHULFDOO\GLIIHUHQWLDWHWKH,9
FXUYHV RU XVH D GLUHFW ORFNLQ PHWKRG ERWK \LHOGLQJ VLPLODU UHVXOWV  :H HPSOR\HG DQ
DV\PPHWULF FRQILJXUDWLRQ RI WKH '%7- VR WKDW a RI WKH DSSOLHG YROWDJH GURSV RQ WKH
WLS4' MXQFWLRQ  7KLV ZDV DFKLHYHG E\ UHWUDFWLQJ WKH WLS ZKLOH PHDVXULQJ WKH ,9
FKDUDFWHULVWLFVXQWLOQRDSSDUHQWFKDQJHLQWKHSHDNVSDFLQJVZDVREVHUYHGW\SLFDOO\REWDLQHG
DW VHWELDV RI 9 DQG VHW FXUUHQW RI  Q$  &RQVHTXHQWO\ WKH FRQGXFWLRQ YDOHQFH EDQG
VWDWHVDSSHDUDW WKHSRVLWLYH QHJDWLYHELDV VLGH DQG WKH4' OHYHO VSDFLQJVFDQEHGLUHFWO\
H[WUDFWHG IURP WKH SHDN VSDFLQJV >@  7KH VSHFWUD RI FRUH DQG FRUHVKHOO QDQRFU\VWDOV
H[KLELW VLQJOHHOHFWURQ WXQQHOLQJSHDNV DQG WKHLUJHQHUDODSSHDUDQFH LVVLPLODU 7KHJDS LQ
WKHGHQVLW\RIVWDWHVDURXQG]HURELDVDVVRFLDWHGZLWK WKH4'EDQGJDS LVQHDUO\ LGHQWLFDO
2QWKHSRVLWLYHELDVVLGHDGRXEOHWRISHDNVLVREVHUYHGIROORZHGE\DKLJKHURUGHUPXOWLSOHW
$VGLVFXVVHGSUHYLRXVO\ IRU WKH FRUHV >@ WKHGRXEOHW FRUUHVSRQGV WR WXQQHOLQJ WKURXJK WKH
WZRIROG GHJHQHUDWH VOLNH FRQGXFWLRQ EDQG &% VWDWH GHQRWHG 6H >@ ZLWK WKH VSDFLQJ
DVVLJQHG WR WKH VLQJOH HOHFWURQ FKDUJLQJ HQHUJ\ 7KH KLJKHU RUGHU PXOWLSOHW LV DVVLJQHG WR
WXQQHOLQJWKURXJKWKHSOLNHVWDWH3HUHIOHFWLQJWKHDWRPLFOLNHQDWXUHRIWKH4'OHYHOV
1HYHUWKHOHVVGLVWLQFWGLIIHUHQFHV DUHREVHUYHGEHWZHHQ WKHFRUHDQGFRUHVKHOO WXQQHOLQJ
VSHFWUD:KLOHWKHEDQGJDSLVQHDUO\XQDIIHFWHGE\WKHVKHOOJURZWKWKHVSOHYHOVHSDUDWLRQ
LV VXEVWDQWLDOO\ UHGXFHG  %RWK HIIHFWV DUH FRQVLVWHQW ZLWK D PRGHO LQ ZKLFK WKH V VWDWH LV
FRQILQHGWRWKH,Q$VFRUHUHJLRQZKLOHWKHSOHYHOH[WHQGVWRWKH=Q6HVKHOO,QWKLVFDVHWKH
S VWDWH LV UHGVKLIWHG XSRQ LQFUHDVLQJ VKHOO WKLFNQHVV ZKHUHDV WKH V OHYHO GRHV QRW VKLIW
\LHOGLQJDFORVXUHRIWKH&%VSJDS'XHWRWKHODUJHYDOHQFHEDQG9%RIIVHWEHWZHHQ,Q$V
DQG=Q6HWKH9%HGJHVWDWHDOVRUHPDLQVLQWDFW7KHUHIRUHWKHEDQGJDSLVQHDUO\XQDIIHFWHG
E\WKHVKHOOJURZWKDVREVHUYHGDOVRLQWKHRSWLFDODEVRUSWLRQVSHFWUD>@
7KHGLIIHUHQWH[WHQWRIWKH&%VDQGSVWDWHVLPSOLHGE\RXUVSHFWURVFRSLFUHVXOWVFDQEH
GLUHFWO\SUREHGE\XVLQJWKH670WRLPDJHWKH4'DWRPLFOLNHZDYHIXQFWLRQV7RWKLVHQG
ZHSHUIRUPHGELDVGHSHQGHQWFXUUHQWLPDJLQJPHDVXUHPHQWV>@DQGDW\SLFDOH[SHULPHQWRQ
DFRUHVKHOOQDQRFU\VWDOZLWK0/VKHOOLVVKRZQLQ)LJ)LUVWDG,G99VSHFWUXPZDV
DFTXLUHG)LJDDQGWKHELDVIRUWXQQHOLQJWRWKHVDQGSVWDWHVZHUHGHWHUPLQHG7KHQD
WRSRJUDSKLFLPDJHZDVPHDVXUHGDWDELDVYDOXHDERYH WKHVDQGSVWDWHV9% 9)LJ
E VLPXOWDQHRXVO\ZLWK  FXUUHQW LPDJHV $W HDFK SRLQW DORQJ WKH WRSRJUDSK\ VFDQ WKH
670IHHGEDFNFLUFXLWZDVGLVFRQQHFWHGPRPHQWDULO\DQGWKHFXUUHQWZDVPHDVXUHGDWWKUHH
GLIIHUHQW9%YDOXHV9FRUUHVSRQGLQJWRWKH&%VVWDWH)LJF9ZLWKLQWKHS
PXOWLSOHW G DQG 9  DERYH WKH SPXOWLSOHW H  7KHUHIRUH WKH WRSRJUDSKLF DQG
FXUUHQW LPDJHVDUHDOOPHDVXUHGZLWK WKH VDPHFRQVWDQW ORFDO WLS4'VHSDUDWLRQ 7KHPDLQ
IDFWRU GHWHUPLQLQJ HDFK FXUUHQW LPDJH LV WKXV WKH ORFDO ELDVGHSHQGHQW GHQVLW\ RI VWDWHV
UHIOHFWLQJWKHVKDSHRIWKH4'HOHFWURQLFZDYHIXQFWLRQV
8SRQFRPSDULQJWKHFXUUHQWLPDJHVSURQRXQFHGGLIIHUHQFHVDUHREVHUYHGLQWKHH[WHQWDQG
VKDSHRIWKHVDQGSZDYHIXQFWLRQV7KHLPDJHFRUUHVSRQGLQJWRWKHVOLNHZDYHIXQFWLRQ)LJ
F LV ORFDOL]HG WR WKH FHQWUDO UHJLRQ RI WKH FRUHVKHOO QDQRFU\VWDO ZKLOH WKH LPDJHV
FRUUHVSRQGLQJ WR WKHSOLNHZDYHIXQFWLRQV H[WHQG RXW WR WKH VKHOO )LJV GH FRQVLVWHQW
ZLWK WKHPRGHO GLVFXVVHG DERYH  7KLV FDQ DOVR EH VHHQ LQ WKH FURVVVHFWLRQV SUHVHQWHG LQ
IUDPH I WDNHQ DORQJ D FRPPRQ OLQH WKURXJK WKH FHQWHU RI HDFK FXUUHQW LPDJH DQGPRVW
FOHDUO\LQIZKLFKVKRZVWKHFXUUHQWQRUPDOL]HGWRLWVPD[LPXPYDOXHDORQJWKHVDPHFXWV
,PDJHH WDNHQ DW DYROWDJH DERYH WKHSPXOWLSOHWPDQLIHVWVDQHDUO\ VSKHULFDO JHRPHWU\
VLPLODUWRWKDWRILPDJHFIRUWKHVVWDWHEXWKDVDODUJHUVSDWLDOH[WHQW ,PDJHG WDNHQ
ZLWK9%QHDU WKHPLGGOHRI WKHSPXOWLSOHW LV DOVR H[WHQGHGEXWKDV D WUXQFDWHG WRSZLWK D
VPDOOGHQWLQLWVFHQWUDOUHJLRQ
7RDLGWKHLQWHUSUHWDWLRQRIWKHFXUUHQWLPDJHVZHFDOFXODWHGWKHHQYHORSHZDYHIXQFWLRQV
IRUWKH&%VWDWHVXVLQJDQLOOXVWUDWLYHPRGHODVVXPLQJDVSKHULFDOVKDSHIRUWKH4'ZLWKWKH
UDGLDOSRWHQWLDOWDNHQDVVKRZQLQWKHLQVHWRI)LJD>@7KHHQHUJ\FDOFXODWHGIRUWKH
VVWDWHLVORZHUWKDQWKHEDUULHUKHLJKWDWWKHFRUHVKHOOLQWHUIDFHDQGKDVWKHVDPHYDOXHVIRU
FRUHDQGFRUHVKHOO4'V,QFRQWUDVWWKHHQHUJ\RIWKHSVWDWHLVDERYHWKHFRUHVKHOOEDUULHU
DQG LW UHG VKLIWVZLWK VKHOO JURZWK LQ TXDOLWDWLYH DJUHHPHQWZLWK RXU VSHFWURVFRSLF UHVXOWV
,VRSUREDELOLW\VXUIDFHVIRUWKHGLIIHUHQWZDYHIXQFWLRQVDUHSUHVHQWHGLQ)LJVJLZLWK)LJ
JVKRZLQJ WKHV VWDWH)LJK WKH LQSODQHFRPSRQHQWRI WKHSZDYHIXQFWLRQVS[S\
WKDW KDV D WRUXVOLNH VKDSH DQG )LJ L GHSLFWLQJ WKH WZR OREHV RI WKH SHUSHQGLFXODU
FRPSRQHQWS]7KHVTXDUHRIWKHUDGLDOSDUWVRIWKHVDQGSZDYHIXQFWLRQVDUHSUHVHQWHGLQ
)LJM 7KHFDOFXODWHGSUREDELOLW\GHQVLW\ IRU WKHV VWDWH LVVSKHULFDO LQVKDSHDQGPRVWO\
ORFDOL]HGLQWKHFRUHFRQVLVWHQWZLWKWKHH[SHULPHQWDOLPDJHWDNHQDWDELDVZKHUHRQO\WKLV
OHYHOLVSUREHG)LJF7KHSFRPSRQHQWVH[WHQGPXFKIXUWKHUWRWKHVKHOODVREVHUYHGLQ
WKHH[SHULPHQWDOLPDJHVWDNHQDWKLJKHUELDV0RUHRYHUWKHGLIIHUHQWVKDSHVREVHUYHGLQWKH
FXUUHQW LPDJHVFDQEHDVVLJQHG WRGLIIHUHQWFRPELQDWLRQVRI WKHSUREDELOLW\GHQVLW\RI WKHS
FRPSRQHQWV
$ ILOOHG WRUXV VKDSH VLPLODU WR WKH FXUUHQW LPDJH G WDNHQ DW WKH PLGGOH RI WKH S
PXOWLSOHWFDQEHREWDLQHGE\DFRPELQDWLRQZLWKODUJHUZHLJKWRIWKHLQSODQHSFRPSRQHQW
S[S\ SDUDOOHO WR WKH JROG VXEVWUDWH DQG D VPDOOHU FRQWULEXWLRQ RI WKH SHUSHQGLFXODU S]
FRPSRQHQW  7KH QRQHTXDO ZHLJKWV UHIOHFW SUHIHUHQWLDO WXQQHOLQJ WKURXJK WKH LQSODQH
FRPSRQHQWV 7KLVPD\ UHVXOW IURPDSHUWXUEDWLRQGXH WR WKHVSHFLILFJHRPHWU\RI WKH670
H[SHULPHQW OHDGLQJ WR D VPDOO GHJHQHUDF\ OLIWLQJ $ VSKHULFDO VKDSH IRU WKH LVRSUREDELOLW\
VXUIDFHVUHVXOWVIURPVXPPLQJDOO WKHSFRPSRQHQWVZLWKHTXDOZHLJKWVFRQVLVWHQWZLWKWKH
FXUUHQWLPDJHPHDVXUHGDWDELDVDERYHWKHSPDQLIROG)LJH
&XUUHQW LPDJHVREWDLQHGDWELDVYDOXHVFRUUHVSRQGLQJ WR WKHS VWDWHVKDYHDFRQWULEXWLRQ
DOVR IURP WXQQHOLQJ WKURXJK WKH V VWDWH +RZHYHU WKLV FRQWULEXWLRQ LV VPDOO LQ ,Q$V=Q6H
FRUHVKHOOQDQRFU\VWDOVKDYLQJDWKLFNVKHOOGXHWRWKHUHGXFHGWXQQHOLQJSUREDELOLW\WKURXJK
WKHVZDYHIXQFWLRQZKLFKLVORFDOL]HGLQWKHFRUH7KHUHIRUHRXUFKRLFHRIVXFKDQDQRFU\VWDO
V\VWHP SURYLGHV D VXLWDEOH FRQWUDVW PHFKDQLVP IRU 670 LPDJLQJ RI WKH GLIIHUHQW 4'
ZDYHIXQFWLRQVDOORZLQJIRUDGLUHFWYLVXDOL]DWLRQRIWKHLUDWRPLFOLNHFKDUDFWHU
,QVLPLODUH[SHULPHQWVSHUIRUPHGRQRWKHU ,Q$V=Q6HQDQRFU\VWDOVWRWDORI4'VZH
DOZD\V REVHUYHG WKDW WKH V VWDWH LV IDU PRUH ORFDOL]HG WKDQ WKH S VWDWHV  )XUWKHUPRUH WKH
VKDSHVRIFXUUHQWLPDJHVREWDLQHGDWELDVYDOXHVFRUUHVSRQGLQJWRWKHVVWDWHDVZHOODVDERYH
WKHSPDQLIROGODFNQRGDOVLJQDWXUH7KHFXUUHQWLPDJHVREWDLQHGDWLQWHUPHGLDWHELDVYDOXHV
IRUSDUWLFOHVH[KLELWHGDFOHDUWRUXVOLNHVKDSH+RZHYHULQVRPHFDVHVRWKHUVKDSHVZHUH
VHHQ FRUUHVSRQGLQJ WR GLIIHUHQW FRPELQDWLRQV RI WKH S ZDYHIXQFWLRQ FRPSRQHQWV )RU
H[DPSOHDGRXEOHOREHVWUXFWXUHUHVHPEOLQJDVLQJOHLQSODQHFRPSRQHQWZDVREVHUYHGLQWZR
FDVHVPDQLIHVWLQJDQHYHQVWURQJHUGHJHQHUDF\OLIWLQJLQGXFHGE\WKHORFDO4'HQYLURQPHQW
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